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Abstract
Percutaneous liver biopsy is the gold standard among clinician’s tool to diagnose and
guide subsequent therapy for liver disease. Ultrasound image guidance is being
increasingly used to reduce associated procedural risks but post-biopsy complications still
persist. The major and most common complication is hemorrhage, which is highly
unpredictable and may sometimes lead to death. Though the risk of mortality is low, it is
too high for a diagnostic procedure. Post-biopsy care and additional surgical intervention
to arrest hemorrhage make liver biopsy a costly procedure for health care delivery
systems. Non-invasive methods to stop bleeding exist like electro-cautery, microwave,
lasers, radio frequency, argon-beam, and High Intensity Focused Ultrasound (HIFU). All
the methods except HIFU require direct exposure of the needle puncture site for
hemostasis. HIFU is an ultrasound modality and uses mechanical sound waves for
focused energy delivery. Ultrasound waves are minimally affected by tissue attenuation
and focus internal targets without direct exposure. Human error in focusing HIFU renders
it unusable for a medical procedure especially when noninvasive.
In this project we designed and developed an ultrasound guided prototype robot for
accurate HIFU targeting to induce hemostasis. The robotic system performs percutaneous
needle biopsy and a 7.5 cm focal length HIFU is fired at the puncture point when the
needle tip retracts to the liver surface after sample collection. The robot has 4 degrees of
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freedom (DOF) for biopsy needle insertion, HIFU positioning, needle angle alignment
and US probe image plane orientation. As the needle puncture point is always in the
needle path, mechanically constraining the HIFU to focus on the needle reduced the
required functionality significantly. Two mini c-arms are designed for needle angle
alignment and US probe image plane orientation. This reduced the contact foot print of
the robot over the patient providing a greater dexterity for positioning the robot. The
robot is validated for HIFU hemostasis by a series of experiments on chicken breasts.
HIFU initiated hemorrhage control with robotic biopsy ensures arrest of post-biopsy
hemorrhage and decreases patient anxiety, hospital stay, morbidity, time of procedure,
and cost. This can also be extended to other organs like kidneys, lungs etc. and has
widespread implications such as control of hemorrhage in post-biopsies in patients with
reduced ability for hemostasis. This research opens a greater scope for research for
automation and design making it a physician friendly tool for eventual clinical use.
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Chapter 1

Introduction
Percutaneous liver biopsy is the gold standard to confirm a diagnosis and guide therapy
for liver disease [1]. With the availability of ultrasound (US) image guided percutaneous
needle biopsy, the proportion of targeted and non-targeted biopsies using this technology
has increased [2]. Even US-guided biopsies have complications; hemorrhage, which is
certain, being the most common and serious. The risk of mortality historically has been
between 0.1 and 0.01% [3-6]. Though the mortality risk is low, it is still of great concern
for a diagnostic procedure. Prediction of hemorrhage cannot be made with confidence [7]
and is aggravated in patients with coagulation disorders like cirrhosis secondary to
underlying liver disease [1], making biopsy nearly impossible in these patients. Post
biopsy pain is common but infections are rare. Surgical intervention to arrest hemorrhage
can result in costs of $20,000 or more per patient. Patients are routinely observed for at
least 6 hours by specially trained nurses, adding to costs [4]and patient anxiety [8] even
in the absence of hemorrhage. Direct pressure to the wound cannot be used to arrest
hemorrhage because the organ sits under the ribcage. Other interventional hemostatic
techniques, e.g. adhesives such as fibrin glue [9] or plugged liver biopsy [10]have the risk
of hemorrhage as great as 3.5% [11]. In transjugular liver biopsy [12] a guide wire
followed by a sheath is introduced and directed to the point of interest in the liver through
the hepatic vein under fluoroscopic control. Then a biopsy needle is inserted via the
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sheath to collect the sample. Though occurrence of hemorrhage is considerably reduced
this method is very expensive and can only be done by specially trained interventional
radiologists.
A better method is to achieve coagulative-necrosis at the biopsy needle entry point by
collapsing blood vessels in the target tissue [13]. There are several techniques:
electrocautery, microwave, lasers, radio-frequency (RF), argon-beam coagulation and
High Intensity Focused Ultrasound (HIFU) [14-17]. All except HIFU require target tissue
exposure or direct tissue contact due to optical and thermal resistance of the surrounding
tissue. HIFU which is minimally affected by the optical opacity of the tissue medium [1],
non-invasively targets the bleed without affecting the intervening and surrounding tissue
[18], and causes increased temperature and focal coagulation.
HIFU, with the help of Image-guidance, is capable of instantly and accurately
inducing coagulative necrosis at an internal target (as small as 1mm diameter), in a
percutaneous setup, without any damage to the overlying and surrounding tissue [19]. But
very limited study is available in this area due to manual positioning. Human error
renders HIFU ineffective as accurate targeting is necessary [13], especially in case of
percutaneous biopsies since the target is not visible.
A better solution to this problem will be a robotic biopsy system equipped with
HIFU. The contribution of this research is a prototype robot (Hemobot) that can perform
liver biopsy as well as accurately target the HIFU at the needle entry point on the liver
surface. Since robotic positioning of HIFU requires a controlled reference, in our case the
biopsy needle and its depth, the robot is designed to perform robotic biopsy/needle
placement. In this way the robot keeps track of the position of the needle tip and
automatically targets and fires the HIFU at the needle puncture on the liver surface as
soon as the needle retracts, eventually leading to the arrest of hemorrhage. Through
robotic biopsy and HIFU delivery we expect to increase accuracy, shorten procedural
time, and minimize patient discomfort; improving the reliability of hemostasis reduces
the cost to patient and provider alike. The aim of this thesis is to experimentally perform
robotic biopsy and prove that HIFU can be targeted and fired at a simulated needle entry
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point. The designed robot fulfils the requirements of a full robotic biopsy with HIFU
delivery for the proof of concept. There is an abundant scope for further research into
developing the Hemobot to a final physician friendly and compact prototype for human
experiments. HIFU initiated hemorrhage control using Hemobot can also be extended to
other organs like kidney. This technique has wide spread implications such as control of
hemorrhage in post-biopsies such as in patients with liver diseases like cirrhosis and for
post renal biopsies.
Chapter 2 briefly discusses the traditional US guided liver biopsy procedure and
recent developments and therapeutic applications of HIFU that are commercially
available. Introduction of US Imaging and its applications will be presented. Previous
work on robotic surgeries and HIFU in the context of biopsy will be addressed. Chapter 3
serves as the user manual for the Hemobot robotic biopsy system. The approach and
methods employed to design, fabricate and assemble the functional parts of the robot are
discussed in detail. Details and specifications of the electronics and hardware along with
Software implementation of the robot control system and its graphical user interface
(GUI) are elucidated. Chapter 4 is a discussion of preliminary experiments performed,
with the robot, and their results illustrating the proof of concept. The results of this
project are concluded in chapter 5 along with a discussion on the limitations of the
robotic system and recommended future work.
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Chapter 2

Background
2.1 Ultrasound Imaging
2.1.1 Ultrasound Theory
Ultrasound is a pressure wave, like sound, that travels through an elastic medium. A US
wave is characterized by frequencies greater than 20 KHz (which is the audible limit for
human hearing) up to several Gigahertz. US waves make use of the connective forces
between the particles in a medium to propagate inside the medium. Like any wave US
wave is also subjected to typical macroscopic effects like reflection, refraction and
diffraction [20]. Whenever it comes across an interface of two different elastic media
along its path a part of the wave is reflected back and the remaining part is propagated.
The amount of the reflected energy depends on the density of the new medium. If this
reflected wave can be detected the amplitude of the wave gives information about the
medium at the intersection. This principle of US is used as the basis for US imaging.
Diagnostic ultrasound imaging (ultrasonography) uses high frequency sound waves
typically in the order of Megahertz to view soft tissues in the human body like muscles
and internal organs. The advantage of ultrasonography over other diagnostic imaging
modalities is that it produces images in real time (typically 15 frames per second). Hence
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it is used by the physicians in the operation theatre for real-time guidance in various
surgeries.
A typical US imaging system is shown in Figure 1. It consists of an ultrasound
transducer that produces the US wave at a fixed frequency and a receiver to sense the
backscattered signal. Generally the same transducer element is used for both signal
generation as well as detection. The transducer generates a short pulse at a certain
operating frequency. This pulse propagates through the material at a constant speed
dictated by the elasticity of the medium. At the interface of the two media along the path
depending on the difference in the impedances of the media some amount of the energy is
reflected back creating an echo. The receiver receives the echo signal and converts it into
a time varying voltage. This electrical signal is called the A-line signal. The travel time
between the pulse generation and reception of the echo gives the depth information of the
echo source; the signal amplitude and the phase give information about the material
property at the interface. The transducer emits the acoustic pulses at a frequency called
the pulse repetition frequency (PRF) [21].

Figure 1. Block diagram of a typical diagnostic ultrasound machine (York, G. et.al. 1999)

As the US wave propagates through the medium its amplitude gets attenuated. Hence
the receiver amplifies the backscattered A-line signal. The gain depends on the time of
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travel as the signals that travel longer distances are attenuated more than the ones nearer.
This is called time gain compensation. Then the signal is digitized by sampling it at least
at a Nyquist sampling rate (2xcarrier frequency). This digitized signal is then removed off
the carrier frequency by demodulation using a quadrature demodulator which extracts the
magnitude and phase information from the signal. The digitized and filtered signal
obtained from a single A-line is called a vector. The transducer or the beam can be
steered and multiple vectors in different directions along a plane can be obtained and thus
a two dimensional or a B-mode image is formed after a process called scan-conversion.
Depending on the echo information extracted for the B-scan image the image can be a
simple gray scale or it can be overlaid with false color that represents the speed and
direction of the blood flow or organs inside the body.

2.1.2 Scanning Modes.
There are three commonly used modes of US image display. Each has their own
domain of application. They are: A-scan mode, B-scan mode and C-scan mode.
A-SCAN MODE
A-scan image is the direct display of the one dimensional echo signal obtained after the
quadrature filtering step. The A-scan plot provides the information only along the line of
sight. Hence it does not form an image but it is a 1 dimensional signal (mostly envelope)
(Figure 2) with amplitude and phase that gives information about the material. In order to
produce a 2-D image using this mode the transducer must be moved laterally which is a
slow process. This technique of scanning is generally used in labs for experimentation
and characterizing purposes.

Figure 2. Simple A line with back scatter signal (blue) and a-line envelope (red).
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B-SCAN MODE
The most commonly used US mode is the B-scan mode which produces 2D images. Two
types of transducers exist which can produce this mode. One is a single element
transducer with a rotating mechanism that orients the transducer in various angles
producing an A-line at each angle. Two is a phased array transducer which can focus and
steer the beam by changing the timing of the firing of the piezo-electric elements that
comprise the array [21]. In both the cases the beams are steered to obtain multiple vectors
in different directions along a plane. This array of backscattered vectors make a
backscattered image (Figure 3) which undergoes further processing called scanconversion. During scan-conversion the image is converted from circular coordinate
system to cartesian coordinate system producing a more meaningful image as shown in
Figure 4.

Figure 3. Picture of the back-scattered image (before scan conversion).
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Figure 4. B-mode image (after scan conversion).

C-SCAN MODE
In B-mode the images are produced along Y-Z plane or X-Z plane where Z is the depth
axis and X and Y are the lateral axes. C-scan mode produces depth images ie., images
along X-Y plane at different depths along Z axis.

2.2 High Intensity Focused Ultrasound (HIFU)
2.2.1 History
High Intensity Focused Ultrasound (HIFU) transducer is an US transducer with a curved
shape and focuses the US energy at a sharp focal point creating a very high energy
density at that point. The therapeutic use of HIFU was first proposed by Lynn et al. [22]
in the year 1943. Later the first applications of HIFU started with destroying brain tumors
by Barnard et al. [23] in 1956 without destroying the intervening tissue in cats. This was
followed by many researches in which HIFU was used to destroy cancer cells in various
parts of the body. Several countries like China, Japan, etc. have approved the clinical use
of HIFU for treatment of cancers in several organs like prostate, liver, kidneys etc.
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The first usage of hemorrhage control using HIFU was reported by Hynynen and
colleagues [24] in the year 1996. They successfully demonstrated the coagulative
necrosis to stop the bleeding in the renal artery of rabbits in an in-vivo setting. This
application of HIFU was later extended to porcine liver to stop post biopsy bleeding after
liver biopsy by Dogra et al. [1] in the year 2004. They measured blood loss after biopsy
using 14 and 18 gauge needles on a pork liver with and without HIFU application and
found that HIFU applied cases have virtually no bleeding at the puncture site. They used
a 4.23 MHz HIFU transducer with a 5cm focal length and 42mm diameter. A 25W HIFU
application was visually guided and applied for 10 to 65 seconds to completely arrest the
bleeding.

2.2.2 HIFU system and its working.
A typical HIFU transducer (Figure 5) consists of a piezo-electric spherical surface with a
fixed focal radius enclosed in a steel casing. Like any US transducer, HIFU also requires
a continuous elastic medium for propagation of the beam. Usually HIFU experiments are
done in a water bath arrangement with the transducer and the target completely immersed
in water. In applications where we cannot have HIFU and target inside water an acoustic
pad or a water pillow is used to couple the transducer to the target.

Figure 5. A HIFU transducer (url: cambridge-tech.co.uk).

HIFU transducer is powered by an RF power amplifier driven by a signal generator
producing an RF signal. For tissue coagulation the output power must be a minimum of
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25W [1]. The block diagram shown in Figure 6 summarizes the equipment and the setup
required for driving the HIFU transducer.

Figure 6. Block diagram of the HIFU system

HIFU produces a focal beam having a near field converging to a focal point of a very
small but finite area and diverging far field beam as shown in Figure 7. HIFU is capable
of generating focal intensities in the range of 1000-10000 W/cm2 (spot size as small as
0.5mm). The tissue at the focal point thus rapidly modifies because of the heat generated
in the tissue through energy conversion as a result of the tissue absorbing the energy.

Figure 7. (a) showing the HIFU energy deliver on an internal target. (b) Shows the HIFU
beam profile. (Vaezy, S. et al.)

There are remarkable advantages of using HIFU over other modalities like RF, Laser
etc. The fore most is that the HIFU is unaffected by the tissue opacity and hence HIFU
can be targeted on an internal target without direct exposure of the target. Since in the
case of a Liver biopsy the liver sits under the skin, this is the best way of achieving
hemostasis. Another advantage is that the HIFU induces a targeted coagulative necrosis
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at the focal point creating a coagulation volume of less than 0.25cm2 accurately without
affecting the surrounding tissue.

2.3 US Guided Percutaneous Liver Biopsy
Percutaneous Liver biopsy is a cornerstone in the evaluation and management of patients
with liver disease [8]. Since Liver is not visible directly and sits under the rib cage,
accurate targeting and directing the needle insertion to the volume of interest is nearly
impossible. This can be remedied by imaging the inside of the body for guidance and to
identify the target. US imaging has seen its application for guiding Liver biopsies in as
early as 1979 [25]. US guidance in biopsies was reported to have notable advantages over
the conventional biopsies. Papini E. and colleagues [26] have performed several hundreds
of biopsies using both conventional and US guidance approaches and found out that US
image guidance was associated with a reduced frequency of complications, better sample
size, better needle navigation along with reduced frequency of minor and major
complications including hemorrhage. Other modalities like CT and MRI are also being
used to guide percutaneous liver biopsy but US has its own advantages which do not
allow them to replace it for biopsy.
US guided needle biopsies use an US imaging transducer to image the crosssectional area of interest and identify the target. A needle guide attachment is mounted on
to the US transducer for needle insertion. The needle guide attachment (Figure 8) has a
disposable needle guide that has a groove cut into it through which the needle is inserted.
This attachment holds the needle firmly along a desired angle; helps in accurately
directing the needle insertion; prevents needle bending. The needle guide can be oriented
in any angle, within a limited range, with respect to the US transducer. It may not be used
in some cases where there is no specific target to extract sample. Another advantage of
using a needle guide is that it always orients the needle in the imaging plane to be visible
in the US image.
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Figure 8. (left) Ultrasound Imaging Probe (a) with needle guide attachment
(http://pie.med.utoronto.ca/OBAnesthesia) (b) with biopsy needle. (Right) Shows a
physician performing liverbiopsy
(http://blog.universalmedicalinc.com).
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After the target is identified and the skin surface is marked the patient is prepared
by cleaning the area and given a dose of local anesthesia to numb the senses near the
needle insertion point. A small notch is cut with a scalpel to mark the needle entry spot.
Then an acoustic gel is applied to create a seamless elastic medium for US beam
propagation. The physician then positions the US transducer along with the needle guide
attachment over the marked position and orients the transducer to get a clear image of the
target. Then he adjusts the needle guide angle so that the needle trajectory coincides with
the target. The liver moves due to the breathing motion of the patient. To avoid any body
movement during the biopsy the patient is allowed to try a few breath holds and once
ready he is asked to hold the breath until the biopsy is performed. Then the needle is
inserted through the groove in the needle guide and pushed quickly into the patient to
reach the target. The biopsy needle is equipped with a trigger on pressing which the
needle quickly cuts and collects a sample from the target. The needle is quickly retracted
after the sample collection. Pressure is applied on the needle entry spot to prevent
bleeding which is unavoidable in any liver biopsy and the patient is observed for any
signs of hemorrhage for at least 6 hours after the biopsy before discharging. Some cases
require up to an overnight stay with careful monitoring by well trained nurses. Figure 9
summarizes the US guided percutaneous Liver biopsy procedure.
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Figure 9. Flow chart of Ultrasound guided Percutaneous Liver biopsy procedure

Post biopsy care is must as the bleeding is certain in a liver biopsy. It is aggravated in
patients with liver disease like cirrhosis or if the needle punctures a major blood vessel in
its path which may sometimes lead to death. Biopsies are performed by well-trained
physicians to have minimum complications. American Association for the Study of Liver
Diseases (AASLD) recommends that a physician performing liver biopsy must be trained
in a minimum of 40 procedures to achieve training proficiency [8].

2.4 Robotic Biopsy
Percutaneous needle biopsy as a widely accepted and used diagnostic tool for sample
collection from various parts of the body requires accuracy and precision when
introducing the needle into the patient. Human errors, needle bending and patient body
movements due to breathing etc., during the procedure can cause the needle to divert
significantly from the planned trajectory and this requires redoing the procedure leading
to multiple needle insertions. The complications are fatal if the needle punctures a major
blood vessel in the path. Though these procedures are performed by a team of highly

13

trained physicians and radiologists, there still is some inevitable human error which does
not give the procedure the efficacy that it deserves.
The efficacy of any percutaneous needle-based procedure depends on the accurate
placement and insertion of the needle-tip. Therefore robotic biopsy will be a dependable
alternative for performing needle placement, trajectory planning and insertion by
improving speed, accuracy and precision of the surgery. Many biopsy/needle placement
robots have been developed and tested since the first recorded application in 1985 but
very few made it to the operation theatre for clinical adoption [27]. The reason behind
this is that the robotic systems introduced cumbersome equipment and protocols which
made a rather straight forward procedure very complex limiting their adoption. Medical
robotic teams have to overcome many challenges in developing a system for clinical
adoption unlike in a factory where people are not allowed near the robots [28].
Though most of the robots for surgery are in the phase of being validated for their
usage and application in animal or human trial experimental setting, a hand full of them
made it to the list of clinically adopted robots. One of them is the Da Vinci H (Intuitive
Surgical, Sunnyvale, California, USA) [29] developed for endoscopic surgical
procedures. It consists of a control and viewing console where the surgeon, trained in
using the system, remotely controls the arms of the robot and performs surgery. Another
is CyberKnife H (Accuray, Sunnyvale, CA, USA) [30] which consists of a light weight
linear accelerator, a KUKA robot, paired orthogonal x-ray imagers and a treatment
couch. This system is capable of treating lesions anywhere in the body including lungs
and pancreas. We will not go much into the details of these robots and we limit our
discussion to the state of art robots for needle placement and biopsy. Importantly we will
go over two robots, AcuBot and Robopsy, which inspired the design of the Hemobot.

2.4.1 Acubot
AcuBot [31] was developed by Stoianovici et al., in the URobotics Laboratory at John
Hopkins University (Baltimore, USA) to perform CT image guided surgeries. Figure 10
shows the kinematics and components of Acubot. The robot is mounted on a bridge like
base that can be fixed over a CT scan table over the patient. It has a total of six active
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degrees of freedom (DOF) configured for lateral positioning, orientation angle and biopsy
needle insertion. The needle is driven by a percutaneous access of kidney (PAKY)
system, which is an active radiolucent needle driver. This inserts the needle into the
patient for biopsy after the orientation and position are fixed. The PAKY system is
mounted on a remote center of motion (RCM) stage. RCM is an active stage capable of
orienting the needle along two orthogonal axes x and z without any change in the center
of the insertion of the needle on the patient. The RCM is supported by a passive
positioning arm called the S-ARM with seven degrees of freedom (S1 spherical, R
revolute, and S2 spherical). The needle insertion and the RCM stages are controlled using
a joystick.

Figure 10. Acubot Kinematics. (1) Table adapter, (2) bridge like base, (3) 3 DOF
cartesian stage, (4) 7 DOF (S1 spherical, R revolute, S2 spherical) stage, (5) RCM
module, (6) PAKY needle driver, (7) biopsy needle. (Stoianovici D. et al. 2003).

2.4.2 Remote Center of Motion
Loser et al., [32] at Siemens, developed the first reported RCM based robot designed for
needle alignment inside a CT gantry. Figure 11 shows the components and working of
RCM prototype developed by Loser et al. The prototype consists of very compact
parallel-gear that allows the rotation of the needle around two perpendicular axes (X and
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Z axes). The axes are powered by compact DC motors and can be controlled using a
joystick for manual control or by the computer for automated surgeries. The RCM stage
can be mounted on any kind of rotatory or linear stage or an arm for positioning it
anywhere in the 3d space.

Figure 11. Graphics shows an RCM prototype robot and its working. (Loser et al. 2000).

The main concept of RCM is that it orients the needle along a required angle without
modifying the remote center of motion (P). P can only be modified by the mechanics on
to which the RCM stage is mounted. During a surgery the point P is determined (say in
our case the needle entry point) on the patient and the RCM stage equipped with a biopsy
needle/tool is positioned by either a passive stage or a robotic arm. Then using the
joystick and CT image guidance the needle/tool is oriented along the trajectory required
by the surgery. Then all the stages are locked except the linear needle insertion stage and
the biopsy is performed by inserting the needle to reach the target. RCM is an innovative
and compact robotic tool using which accurate alignment of the tool can be made about a
fixed point especially where the operating space is confined like in a CT gantry.

2.4.3 Robopsy
Robopsy [33, 34] is another innovative needle guidance system for percutaneous biopsies
performed under CT image guidance. It is developed in 2005 at MIT (Boston, MA, USA)
in collaboration with Massachusetts General Hospitals (Boston, MA, USA). Robopsy
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uses the RCM technique using a different robotic design, further reducing the size. It
consists of two circular concentric motor driven hoops, attached to a fixed base,
perpendicular to each other such that one hoop rotates about the X axis and the other
hoop about Z axis as shown in Figure 12. A friction driven needle insertion stage is
attached to both the hoops so that the rotation of the hoops can orient the stage in any
angle about a fixed remote center of motion in 3d space. The needle is inserted through
the friction drive to pass through the pivot point on the base. This pivot point is the
remote center of motion for this robot. The base is firmly fixed over the patient so that the
pivot point coincides with the needle entry point on the patient’s body. During the
surgery the physician selects the needle insertion angle using the CT image guidance and
controls the hoops using a joystick to orient the angle of insertion. Then the needle is
lowered into the patient to perform biopsy. The needle trajectory is constantly inspected
and corrected manually using the joystick to reach the desired target.

Figure 12. Robopsy prototype for robotic needle biopsy. (Maier-Hein L. et al. 2009).

Robopsy simplified the design of the needle insertion robot from the size of an
industrial robot to a portable and disposable robot with a footprint of not more than 10 cm
in diameter. Though this prototype considerably reduced and simplified the mechanics of
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a biopsy robot there are a couple of limitations that are worth mentioning. One of them is
the robot is mounted on the patient at the needle entry site which is mostly a curved
surface limiting its usage for biopsy in other vital organs like liver and kidney where the
body is not flat. For such areas 10cm footprint is significantly large to be mounted
without any error between the needle insertion point on the body and the remote center of
motion of the robot. Also this prototype is not mechanically stable as there are body
movements due to breathing motion of the patient. These mechanical motions make it a
complex task to sense the body movements and model them to make corrections to the
needle insertion angle in real-time. Also to perform any automation of the robot it needs
to be calibrated. But without a stable physical reference point the calibration protocols
become laborious.
In the above robots mechanically constraining the component movements eliminated
the need for complex positioning algorithms and planning for the needle navigation and
insertion. Having predetermined robot geometry simplifies the tracking algorithm and
reduces the processing time and computing resources required for continuous tracking of
the needle tip. Other needle/tool positioning robots exist like Virtobot [35] which use
sophisticated industrial scale robotic arms and tracking methods to position the tools for
the surgery. We rather need a conceptually simple and economical design which is
capable of autonomous features to cut down the operation costs of the liver biopsy
procedure, making it an outpatient procedure requiring minimum post-biopsy care.
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Chapter 3

Methodology
3.1 Modified biopsy protocol.
Traditional US guided Liver biopsy protocol as described in section 2.3 contains two
steps which are iterative and require maximum care. First is the Manual needle
orientation and insertion. Since manual positioning is erroneous, inaccurate and unprecise, it needs a continuous correction of the needle angle and depth to reach the target.
Sometimes redoing the procedure is advised making multiple needle piercings on the
liver surface which increases the chances of hemorrhage. Second is the post biopsy care
which is important in any liver biopsy as the hemorrhage is certain. This step adds
additional cost to the procedure as the patient is carefully monitored for hemorrhage by
well trained nurses for at least 24 hours. Also if hemorrhage is detected it may need
surgical intervention and can shoot up the costs by an additional $20000 per patient.
We approached to solve the first step by designing a biopsy robot that controls the
angle and the depth of the needle insertion. Robotic biopsy eliminates the human error
making the needle placement accurate and precise. The robot will be equipped with US
transducer which acquires the image of the scene inside the body. We plan to make future
improvisations by performing imaging processing on the acquired images to track the
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target and the movement of the needle and make small corrections automatically in realtime.
The second iterative step in the biopsy procedure will be eliminated by using a HIFU
transducer to perform necrosis at the needle puncture on the liver and ensure the arrest of
hemorrhage thereby reducing the post biopsy care and the cost of hospitalization. The
mechanical aspects of HIFU-induced hemostasis are studied and robot is equipped with
HIFU transducer. The robot must be able to accurately align the HIFU focal point to the
target.
With thorough understanding of the problem and brain-storming with radiologists and
physicians at UofR we proposed a design that improves the US guided liver biopsy by
introducing robotic biopsy and providing HIFU induced hemostasis. In the modified US
guided robotic biopsy (Figure 13) the patient is first examined for the location of the
target for biopsy using an US transducer and the skin surface is marked and prepared for
the biopsy just like in a traditional method. Now the transducer is plugged into the
transducer holder in the Hemobot and the robot is aligned to the markings on the skin and
adjusted to acquire the image of target after the patient is prepared for biopsy. The
physician selects the target using the touch enabled on-board monitor equipped on the
Hemobot cart. The robot calculates the depth and the angle of insertion of the needle and
then biopsy needle is mounted on to the system. A water pad is inserted between the
HIFU and the skin surface for efficient HIFU beam transmission. This water pad is
flexible and can adjust for the HIFU movements. Now the patient is instructed to start
breath-holding and the biopsy commences. The needle angle is aligned to the planned
trajectory and is advanced to the targeted position. This is visualized on the on-board
monitor and the physician continuously monitors for any path errors. The needle is
triggered to collect the sample at the target site and the needle starts retracting. The
needle tip position is continuously monitored and the HIFU is automatically focused at
the needle entry point on the liver. The needle is stopped at a position so that it’s at least
3 mm inside the liver to hold the entry point. Then the HIFU is fired for a predetermined
time just below the needle tip to perform adequate hemostasis and the needle is retracted
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completing the biopsy with minimal blood loss and guaranteed hemostasis. Then the
patient is observed for a few hours and discharged.

Figure 13. Flowchart showing the steps in the robotic liver biopsy using Hemobot.

By holding the needle tip 3mm inside the liver surface before HIFU we let the liver
tissue cling on to the needle because of cohesion. There is a good chance of losing the
needle puncture point if the needle is completely retracted from the liver. This occurs
because of the liver motion due to the body movements or forces that may have
developed on the liver after the needle is inserted.
There is a good chance of losing the needle puncture point if the needle is completely
retracted from the liver. This occurs because of the liver motion due to the body
movements or forces that may have developed on the liver after the needle is inserted.
Hence by holding the needle tip 3mm inside the liver surface before applying HIFU, we
let the tissue cling on to the needle by cohesion. This ensures that the HIFU is fired very
close to the needle entry site and seal the needle path to arrest the blood flow.
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3.2 Main elements of Robotic liver Biopsy.
Hemobot has three main elements; US transducer, biopsy needle and the HIFU
transducer. The mechanical parts and actuators of the robot are designed to move and
position these three elements. The specific details of each of the three components will be
discussed below.

3.2.1 Ultrasound transducer
The robot is designed to mount any commercially used US transducer. For prototyping
we selected a 7.5 MHz USB B-Scan probe from Interson Corporation (Pleasanton, CA,
USA) (Figure 14) [36, 37]. The probe contains a single pulser/receiver piezo-electric
element. When triggered it emits a pulse of and US wave along the scan direction at a
fixed frequency called carrier frequency and waits to hear the back scatter signal. The
back scatter signal is then digitized and recorded in the memory for further processing.

Figure 14. 7.5 Mhz USB ultrasound probe from Interson Corporation (Pleasanton, CA)

The probe is capable of operating at 7.5 MHz, 8 MHz and 5 MHz pulse frequencies
with sampling frequencies of 48MHz and 24MHz for 8 MHz pulse frequency and 30
MHz and 15 MHz for 7.5 MHz and 5MHz pulse frequencies. The scan direction of the
piezo-electric element is set by a tiny servo motor provided inside the transducer. When
the scanner is running the motor runs continuously positioning the scanning element
along 256 different scan angles within the field of view of the transducer. At each angle
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the element emits an ultrasound pulse and records the backscatter line data. The received
back scatter signal is sampled at a rate specified by the sampling frequency (typically 30
MHz) and is digitized into 2048 pixels with grey scale range of 0 to 256 (8 bit). Then the
scan angle is changed and another pulse is emitted to record the back scatter signal in that
direction. This process is repeated at a frequency called pulse repetition frequency (PRF)
so that one pulse is emitted at every scan angle producing a 256x2048 back scatter image
at a rate of 15 frames per second. The scan depth of the transducer depends on the
sampling frequency and the number of pixels assigned for each scan line. Table 1 lists all
the available modes and resolution of the image for each available mode. It has an inbuilt
time gain amplifier which allows the selection of near, mid and far gains to compensate
for the low intensity of the back scatter signal from farther distances.

Table 1. Table shows available frequency modes of Interson USB transducer assuming
speed of sound in water (1540 m/sec).

The Interson USB probe does not process the back scattered images. Any additional
processing that is required must be performed digitally by the computer to which the
probe is connected. Therefore software to process the images and display is required to
be integrated in our application.
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Interson Corporation also supplies a full SDK developed in C++ language. The SDK
provides powerful C++ interface for programming with the US probe. It lets us control
the probe using custom designed applications and gives access to the back scatter image
data for display or perform imaging algorithms to extract meaningful data from the
image.

3.2.2 HIFU
HIFU device used is a 60 mm diameter piezo-electric transducer (Model HIFU001
Precision Acoustics, Dorchester, UK) with a 75 mm curvature radius, center frequency of
1 MHz, and produces 85 W maximum acoustic power. Focal intensities of 1700 W/cm2
can be achieved on area less than 5 mm2; 45 W is sufficient for hemostasis [1]. . The
sinusoidal signal is amplified using a power amplifier (model A150, E&I) with a fixed
gain of 53 dB. A 1MHz signal is produced by a signal generator connected to the
amplifier. The amplifier has a bandwidth from 300 KHz to 35 MHz and 150 watts
nominal power output. The power amplifier in-turn drives the HIFU transducer.

3.2.3 Biopsy Needle
Biopsy needle (BARD Monopty, Bard Biopsy Systems, Tempe, AZ, USA) (Figure 15)
used for the prototype development is a standard coaxial disposable biopsy needle used in
Liver biopsies. This needle is a spring loaded coaxial needle consisting of an inner needle
with a notched sample collector and a larger diameter hollow outer needle as illustrated in
Figure 16.

Figure 15. BARD Monopty disposable biopsy needle with 22mm penetration depth.
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Figure 16. Graphics illustrating the retracted needle (a) and needle during tissue sampling
(b). Outer needle is shown transparent

Before the biopsy the physician loads the biopsy needle by turning the upper head of
the needle handle, shown in Figure 15, twice in clock-wise direction. One turn loads the
outer hollow needle spring. Second turn loads the spring that drives the inner needle. The
needle retracts during loading and reduces the biopsy needle length by the length of
retraction, for example 22 mm. Then the needle is inserted into the patient to reach a
distance of 2 cm from the target. Trigger button on the top of the needle is pressed; the
inner needle quickly forces out advancing a length of 22 mm, which is the penetration
depth (equal to the retracted length), cutting through the target mass. Immediately the
outer hollow needle also advances 22 mm cutting the part of the tissue that occupies the
notch volume leaving the biopsy needle with a sample inside the cup. The two needles
are retracted with a small time delay so as to allow the tissue to occupy the volume in the
notch. The size of the sample depends on the length and depth of the notch cut on the
inner needle.

3.3 Robot Functionality design
The functional requirements of the Hemobot are developed with constant collaboration
with Dr. Dogra and his colleagues at University of Rochester medical center. After
rigorous brainstorming and a thorough understanding of the US guided Liver biopsy
procedure we started the functionality design by clearly defining the type of motion
required for each individual component.
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3.3.1 US Probe Functionality
In a hand held US scanning the physician orients the transducer in various angles over the
patient’s body. The human hand is capable of dexterously orienting the probe along all
the three axes in the 3D space. The orientation has a center of motion which is the center
of the transducer scan head. This center point can be considered a Remote Center of
Motion (RCM) as we are always trying to orient the probe with a constant center (Figure
17). The center can be changed to any point in 3D space by linear motion of the RCM
structure holding the probe along the three axes.

Figure 17. Graphic shows the functionality required for positioning US transducer. The
linear arrows show linear motion required for moving the center. Block curved arrows
show angular orientation along respective axes.

An RCM is capable of orienting the probe along X and Z axes but it cannot perform
rotation along Y axis. To allow for the rotation there are two solutions that can be
proposed. One is to rotate the RCM stage itself which involves revolving the entire robot.
This method needs a powerful rotational stage capable of rotating the entire assembly
making the robot too complex and cumbersome and requires heavy machinery. Second

26

method is to design a local rotary stage that only rotates (1 DOF) the structure holding the
three main elements. In this prototype our aim is to develop a robotic prototype that can
be mounted on an RCM stage or a larger C arm which can provide for the linear
positioning along X, Y and Z and rotation along X and Z axes.

3.3.2 Biopsy Needle Functionality
The biopsy needle requires two degrees of freedom. One is for the linear motion that
advances and retracts the needle for biopsy. Another is the rotation about the needle entry
point to set the angle of insertion as shown in Figure 18.

Figure 18. Graphics shows different RCMs for probe and needle. Block arrows illustrate
the linear (green) and rotation (yellow) motions required.

There is a physical constraint for the positioning of the point about which the angle of
insertion is set. This point is the RCM of the needle. The needle when inserted passes
through the point of insertion and for the needle to be visualized in the US image it is
necessary for the needle to be in the imaging plane. With these two physical constraints
the transducer becomes a physical barrier for the needle insertion if RCM of the needle
and RCM of the US probe are the same.
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This problem is already addressed in the procedure of the traditional US guided
biopsy by mounting the needle to one side of the probe thereby creating two RCMs. We
use a similar setup and define two different RCMs, one for the needle insertion and the
other for the US image center. The needle RCM is slightly shifted from the probe RCM
but it is in the same plane. The challenge is to minimize the distance between both the
RCM points.

3.3.3 HIFU Functionality
The main goal of positioning HIFU is to target the puncture point on the liver surface.
Since the liver puncture is always along the needle path the simplest solution will be to
design a functionality that can position the HIFU to focus any point along the needle
path. The needle follows a linear path for insertion and retraction. Therefore HIFU focal
point should follow the same linear path as the needle. Now the unknown parameter is
the orientation of the HIFU. There is no restriction on how the transducer should be
oriented. In such a case designing a mechanism for orientation is unnecessary and only
makes the robot cumbersome. Having a fixed orientation would be an ideal solution to
this problem. This requires a holder that is designed to mount a HIFU so that the focus is
always on the needle path. The holder should be mounted on a linear mechanism with a 1
DOF for the required linear motion.
The needle path changes with angle of insertion. So the HIFU needs to be reoriented
to focus the new needle path. But angle of the HIFU focal trajectory also should change
by the same angle to trace the path again. This is solved by designing a stage that is
mounted with the two linear mechanisms, one driving the needle and other driving the
HIFU parallel to the needle. This stage sets the needle angle and the HIFU angle
simultaneously. Figure 19 illustrates the linear and rotatory motions required for HIFU
and the needle. Also the HIFU is oriented in a random orientation.
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Figure 19. Graphic shows the functional requirements of HIFU and Needle with US
probe as a relatively static element . Block arrows show Linear motion of HIFU (blue)
and needle (yellow) and rotatory motion of both (green). Same color indicates
simultaneous motion.

3.3.4 Summary of Functional Requirements
With the above discussion of the functional requirements for all the three main elements
we can conclude that the robot has 4 degrees of freedom. We are limiting ourselves to the
development of a biopsy robot attachment that can be attached to an RCM stage or a
larger C arm for further functionality. The 4 degrees of freedom as shown in Figure 20
can be summarized as:
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Figure 20. Isometric view (Left) shows complete Hemobot functionality. Top View
(right) shows the orientation of HIFU and the rotation of the entire system for Image
plane orientation.

1. Needle insertion (1DOF linear motion).
2. HIFU positioning (1DOF linear motion).
3. Needle and HIFU angle alignment (1 DOF rotatory motion).
4. Image plane orientation (1DOF rotatory motion).
In the process of identifying the functional requirements we have also identified few
physical constraints and conditions which played a key role in shaping the functionality
of the Hemobot. These are summarized below:
1. Dual RCM concept.
2. Y axis rotation for image plane orientation.
3. Simultaneous angle alignment for needle and HIFU.
4. Mechanically constraining the HIFU orientation to focus the needle path.
5. The robot footprint at the patient contact must be minimized.
Using US as the imaging modality was an advantage as it did not put any limitations
on the type of material and size of the robot. The only size limitation was to minimize the
robot footprint over the patient at the contact site. This is required as it provides more
space for the US probe orientation like in a traditional biopsy.
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3.4 Hardware
This section elaborates the hardware selection and part design to integrate various
functional parts for providing the required functionality to the three main elements. Every
section discusses about the mechanical design for individual functionality and gradually
builds the robot as we progress through the sections. The process and mathematics
involved in selecting the right equipment like motors and actuators are also discussed in
detail.

3.4.1 Needle Insertion stage
BACKGROUND
The needle insertion stage advances and retracts the needle in a linear motion. A linear
stage can be used for this type of functionality. A screw driven linear (Figure 21) stage
converts the rotatory motion to a linear motion by the principle of the simple machine
known as screw and nut. By rotating the nut on a screw it moves linearly. Now by
rotating the screw and constraining the nut from rotation we still move the nut linearly,
but here the nut is not rotating. A linear stage has a lead screw and a modified nut, called
a lead nut or carriage nut, which is designed to mount things on it. A DC motor or a
Stepper motor can be used to drive the screw that has a shaft to connect to the motor.

Figure 21. Shows parts of a linear stage. Block arrows (green) show direction of rotation
and corresponding linear motion.
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A DC motor needs additional control and feedback for accurate positioning. Whereas
a stepper motor can be accurately positioned along a certain angle by passing current to
the corresponding electromagnet inside the motor which attracts the magnetized drive
shaft to orient it. Stepper motors generally have multiple electromagnets (Figure 22) to
position the rotor with a good angular resolution. By passing through a combination of
electromagnets in a continuous series the rotor can be rotated continuously just like a DC
motor.

Figure 22. Shows the internal parts of a stepper motor

There are several advantages of using a stepper motor; angular resolution is known;
no position feedback necessary; continuous supply of current maintains a continuous
torque to hold the position even when it is not in motion. Among the disadvantages are
over heating due to continuous supply of current and fixed maximum torque for a certain
speed. Figure 23 shows the maximum holding torque in kg-cm vs speed for a NEMA 17
size motor.
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Figure 23. Maximum holding torque vs speed in pulses per second (pps) for a NEMA 17
size stepper motor.

There is no much work available on the force requirements for needle insertion in a
liver biopsy. However one research has been published on biopsy needle force modeling.
Okamura, et al. [38] studied and modeled needle insertion forces on a bovine liver tissue.
The study shows a maximum force of 2.3 N is sufficient to perform a needle insertion up
to a depth of 50mm. 10 N can be considered as a maximum sufficient force to perform a
biopsy.
FORCE/TORQUE EQUATION
Next step is to determine the specifications of linear stage and the stepper motor required.
Equation 1 converts the motor torque to the output force from the linear stage.
(1)
Where

is the output force from the linear stage in N,

holding torque in N-m,

is the maximum motor

is the linear stage conversion efficiency and

is the lead

distance for a linear stage defined as distance travelled for one rotation of the lead screw
and units are m/rotation.
SPEED EQUATION
Stepper motors rotate in steps per second. They have a fixed angular resolution and they
advance by that amount for every step. Typically most of 4 wire bipolar stepper motors
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have 1.8 degree full step resolution. The linear velocity of the stepper driven linear stage
is given by equation 2.
(2)
Where

is the linear output velocity in meters,

stage in m/revolution,

is the lead distance of the linear

is the step resolution of the stepper motor in degrees/step and

is the step speed of the motor in steps/second.
RESOLUTION
Stepper motors can be operated in micro-step configuration with which the rotor can be
positioned at an angle which is a fraction of the full step resolution of the motor.
Advanced micro-stepping drives are used to drive the stepper motors in micro-step
configuration. Motors run more smoothly with much less noise when run in this
configuration. We can set the micro-step resolution to ½ ¼ 1/8 and 1/16 of the full step
resolution by configuring the motion controllers.

Equation 3 calculates the angular

resolution of the stepper motor.
(3)
is the angular resolution of the motor in degrees/step.
of the motor in degrees/step and
controller. The linear resolution

is the full step resolution

is the micro-step factor configured on the motion
can now be calculated using the following equation.
(4)

DESIGN
Figure 24 shows an exploded view of the needle insertion stage with all individual parts
labeled. A National Electrical Manufacturer’s Association (NEMA) 11 size standard
bipolar stepper motor (part No. 11HS18-0674S by OSM Technology Co., Ltd. China) is
selected to drive the 4 inch screw type linear rail (RGS04KR-A00-0100-04, Haydon Kerk
Motion Solutions, Inc. CT, USA) with a lead distance of 0.1 inch/revolution (0.254 cm).
The stepper motor is rated to deliver up to a maximum torque of 9.5 N-cm and has a full
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step resolution of 1.8 degrees. With a linear stage efficiency of 50 % a maximum output
force of 117 N is obtained using the equation 1. It is more than 10 times the required
force for needle insertion. By setting the micro-stepping factor ( ) to 1/8 a linear
resolution of 0.00016cm is achieved and a speed of 3.175cm/sec when the motor is
driven at 20000steps/sec.

Figure 24. Exploded view of the needle insertion stage shows (1) Biopsy needle, (2)
Needle holder Screws, (3) Needle holder, (4) Stepper motor, (5) coupling, (6) Linear
stage.

An aluminum beam coupling (PCMR16-5-3-A, Ruland Manufacturing Co., Inc. MA,
USA) is used to couple the stepper motor shaft to the linear stage shaft. Stepper motor
has a 5mm shaft and the linear stage has a 3mm shaft. The coupling has 5mm and 3mm
bores each side and is fastened to the respective shafts using M2x5mm socket screws.
The needle holder is a 3D printed ABS plastic part to hold the needle and deliver the
required force from the linear stage to the needle. The holder has a flexible bottom and a
snapping mechanism on the top that serves as a snap fit to secure the needle firmly. Four
I4-40 5/16 inch long socket screws fasten the needle holder to the linear stage carriage.
WORKING
Figure 25 shows the completely assembled CAD design of the needle insertion stage.
When the motor rotates the torque is transferred to the linear stage through the aluminum
coupling and rotates the lead screw. The lead screw converts the rotatory motion into
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linear motion and moves the carriage nut linearly. The direction of motion depends on the
type of lead screw and rotation direction of the motor. The selected linear stage has a
right handed lead screw, which means a clock wise rotation (as seen from the back of the
motor) drives the screw into the nut which retracts the needle and anti-clockwise rotation
advances the needle.

Figure 25. Isometric view of the assembled needle insertion stage. Block arrows represent
the motor rotation direction (curved arrow) and the corresponding linear motion (linear
arrow).

3.4.2 HIFU Positioning stage
DESIGN
Like the needle insertion stage HIFU positioning stage also retracts and advances the
HIFU. We can use the same stepper motor, coupling and the linear stage used in the
construction of the needle insertion stage. It provides a force of 117N even with an
assumed 50% linear stage accuracy. Therefore ideally it can take up to an 11 kg vertical
load and HIFU only has a mass of approximately 300gms. HIFU needs a holder that can
be attached to the linear stage carriage. We make a small modification in this design.
Instead of directly mounting the HIFU holder to the carriage we designed an intermediate
base that is always mounted on the carriage. The holder base is also attached to a linear
guide rail which has two linear bearing carriages and a linear rail on which the carriages
slide freely. Since the HIFU has a complex orientation to mechanically constrain it to
focus at the needle path, the center of mass of this stage is away from the axis of motion.
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The linear guide rail attachment provides an additional support to the linear stage from
the torque that is produced by the shifted center of mass. Otherwise an additional friction
may develop in the linear stage carriage reducing the efficiency. Figure 26a shows
various components in the HIFU positioning stage. Another advantage of having a holder
base is that it makes it easy to redesign the HIFU holder.

Figure 26. (a) Exploded view of the HIFU positioning stage shows (1) HIFU transducer,
(2) HIFU holder, (3) holder cap, (4) holder mounting screws, (5) holder base, (6) stepper
motor, (7) coupling, (8) linear stage, (9) linear guide rail and (10) linear bearing
carriages. (b) Full assembly of the HIFU insertion stage.

The HIFU holder houses the HIFU and a cap secures the HIFU inside the holder. We
can tighten the cap or loosen it moving the HIFU to align the system to focus the needle.
M5x10mm socket screws are used to mount the holder on to the holder base. Four I4-40
5/16 inch screws are used to attach the holder base to the linear stage carriage and eight
M2x8mm socket screws are used to attach the two miniature linear bearing carriages
(MGN-7C, HIWIN Corporation, USA). The linear bearings move on a 7mm linear guide
rail (MGNR-7, HIWIN Corporation, USA).

3.2.3 Biopsy Stage
Biopsy Stage is the assembly of the needle insertion stage and hifu positioning stage. A
machined 40mmx40mm aluminum T slot frame (McMaster Carr) as shown in Figure 27a
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is used as a chasis to mount the two stages. A bracket is attached on top of the frame
which houses the two stepper motors also helps in aligning the linear stages to the center
of the frame. The Liner stages are mounted to the frame using I4-40 5/16 inch socket
screws. This stage satisfies both the linear functionalities (2 DOF) required to perform a
Hemobot biopsy and hence the name.

Figure 27. (a) Exploded view of the biopsy stage shows (1) Needle insertion stage, (2)
HIFU positioning stage, (3) Aluminum T slot frame, (4) Motor mounting bracket, (5)
HIFU stage linear guide rail mounting supports. (b) Complete assembly of the Biopsy
stage shows the mechanically constrained alignment of the HIFU focus on the needle
trajectory.

Figure 27b shows a completely assembled structure of the biopsy stage. A 3D CAD
picture for a 7.5 cm focal beam has been designed and assembled with the source of the
beam. We can see that the focal point of the beam is aligned with the needle. Also the
HIFU holder constrains the HIFU orientation only providing a vertical linear motion
theoretically ensuring the focal point to follow the needle path.
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3.4.3 Imaging head
Imaging head consists of a 3D printed ABS plastic part that holds the Imaging
Transducer and the needle guide. Since the robot must be capable of holding any kind of
imaging transducer the imaging head must have a generic design. But all the imaging
transducers don’t have the same shape and model. Hence to accommodate for this the
imaging head must be designed to mount a device specific holder. This device specific
transducer holder will be designed exclusively for the transducer that we will be using
with the robot. Figure 28a shows the imaging head with the transducer holder designed
for the 7.5 MHz USB transducer from Interson Corporation. Another functional
requirement is to define a shifted remote center of motion for the needle insertion. Since
the needle is capable of bending we need a needle guide to at that point to help accurately
positioning its tip on the patient’s body. A needle guide with the needle guide attachment
is fixed to the imaging head using a shaft and retainer ring setup. The needle guide
attachment freely rotates about the shaft when the needle angle is set. The needle guide
attachment is designed to mount any needle specific needle guide.

Figure 28. (a) Exploded view of the imaging head with labeled parts. (1) Ultrasound
Imaging probe, (2) Imaging head, (3) Probe holder, (4) needle guide attachment with
needle guide, (5) shaft, (6) retainer rings. (b) shows the assembled view. The block arrow
shows the rotation of the needle guide.
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One important condition for the effective placement and orientation of the imaging
transducer is to have least possible contact surface area. In Figure 28b we can see the
contact surface is only the imaging transducer and a very small area of the imaging head.

3.4.4 Needle Angle alignment Stage
BACKGROUND
The needle Angle alignment stage is a mini C-arm. A C-arm is another way of
implementing RCM concept. A C-arm (Figure 29) consists of a circular curved track and
a minimum of 3 guide wheel bearings. The circular curved track system passes through
the alternative wheel bearings and rotates with a fixed center of motion. The curved track
can be driven using a pinion attached to a gear system.

Figure 29. Graphics show a circular C-arm track segment with 3 wheel bearings and a
motor driven gear system.

C-arms are easy to build and guarantee a fixed center of motion unless the wheel
bearings are loosely aligned. C-arms don’t require high torque delivering motors or gear
systems since the force to rotate the arm is applied at a certain distance from the center of
motion.
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TORQUE EQUATION
For deriving a torque equation for any gear system we need to know the pitch circle
diameter (PCD) of each gear. A system of gears can be ideally seen as frictionally driven
smooth disc systems with no slipping between them. This diameter of the smooth disc
corresponding to each gear is called the PCD of the gear .Consider the C-arm system
shown in Figure 30. The pitch circle surfaces of pinion and the circular track are
highlighted in the picture and have PCDs

and

respectively.

Figure 30. Graphic shows the torques and forces in a C arm gear system.

The torque output from the gear box

is given by equation 5.
(5)

Where

gear ratio,

The total output torque

is the gearbox efficiency and

motor torque output.

of the C-arm system is given by the following equation.
(6)

Using equations 5 and 6 we arrive at
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(7)

RESOLUTION
Using equation 8 we can calculate the angular resolution of the C-arm system

.
(8)

Where

is the single-step resolution, and

is the micro-step factor of the stepper

motor.
SPEED
The angular speed

is given by the equation
(9)

DESIGN
The needle angle alignment stage aligns the biopsy needle insertion angle. As discussed
previously, HIFU also needs to be aligned simultaneously. Hence we have mounted both
the needle insertion stage and HIFU positioning stages on a single aluminum chassis
developing a biopsy stage. The biopsy stage must be oriented at the required angle to
obtain the planned functionality. This is solved by mounting the biopsy stage to the
circular track segment and the track is supported by three wheel bearings. The wheel
bearings are fixed on a plastic chassis. This chassis also holds the gearbox with a stepper
motor and also the imaging head. Figure 31 gives a clear view of the needle angle
alignment stage.
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Figure 31. Exploded view of the needle angle alignment stage shows (1) Biopsy stage, (2)
Biopsy stage plate, (3) fastener, (4) plastic spacer, (5) circular track segment, (6) wheel
bearings, (7) plastic chassis, (8) imaging head, (9) stepper and gearbox, (10) metal plate.

The biopsy stage attached to a steel plate using 3 5mm drop in fasteners for the T slot
framing. The steel plate is then fastened to the curved track segment using 3 M5x20mm
socket screws with a plastic spacer in between. This plastic spacer helps in aligning the
needle. The track segment is a 351mm diameter 90 degree segment (R25351R90Q,
Hepco motion, UK) with gear tooth cut on the inner edge (PCD = 337.6mm). A 40 mm
diameter pinion (SSP08W6T48BK, Hepco motion, UK), with a PCD = 38.4mm, attached
to a gearbox, drives the curved track. A 20:1 NEMA 17 size gear box (PF20-20 NM,
Ondrives.US, corporation USA) powered by a NEMA 17 size bipolar stepper motor
(17HS19-1684D, OSM stepper, China). The motor can deliver up to a maximum torque
of 44N-cm. By using the equation 7 a maximum output torque of 3868 N-cm is obtained
with a 50% efficiency of the gear box. From equation 8 the angular resolution is
calculated as 0.00128 degrees and the angular speed at 20000 steps/sec speed of the
motor is 25.6 degrees/sec.
The plastic chassis provides three 6mm holes for the 3 wheel bearings and a 15mm
hole for the gearbox shaft. The gearbox is fastened to the chassis using M4x25mm
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screws. The Imaging head is mounted to the chassis from below using 4 M3x15mm
socket screws and nuts. On top of the chassis a steel plate is attached with 4 M3x15mm
socket screws. This steel plate is used to attach the needle angle alignment stage to the
next stage. Figure 32 shows a complete assembly of the needle angle alignment stage.

Figure 32. CAD graphic shows the completely assembled needle angle alignment stage.

3.4.5 Image Plane orientation Stage
DESIGN
This stage also is a rotational stage with an RCM implementation. We used the C- arm
designed for the needle angle alignment stage for this functionality. This C-arm is
oriented perpendicular to the imaging plane. This configuration allows rotating the
imaging plane. Figure 33a Shows various parts of the image plane orientation stage.
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Figure 33. (a) Exploded view of the image plane selection stage shows (1) upper housing,
(2) gearbox and stepper motor with pinion, (3) bottom housing, (4) wheel bearings, (5)
circular track segment, (6) circular spacer. (b) Shows the underside isometric view of the
complete assembly of the image plane selection stage.

The gear box is housed in side a strong 3D printed plastic housing with 4 M4x25mm
screws. The housing has a bottom and a top part. Both are attached to each other by 6
M4x25mm socket screws. The bottom part has 4 holes for mounting 4 wheel bearings
facing downwards. The circular track segment used here is a 255mm diameter 180 degree
segment with gear tooth on the interior side. The pinion and the wheel bearings are same
as the previous stage. After mounting the gearbox inside the bottom housing part, the
pinion is attached from underside of the housing as shown in Figure 33b. A circular
spacer is fixed to the underside of the circular track. This circular plastic spacer is used
when using the limit switches to limit the motion of the stage. The upper part of the
housing has holes for screws to mount the entire robot to an external arm.

3.4.6 Hemobot full assembly.
By attaching the needle alignment stage chassis to the image plane selection stage we
complete fully assemble the robot. Figure 34 shows the exploded CAD graphics of the
final assembly of Hemobot.
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Figure 34. Exploded view of the image segmentation stage shows (1) Needle angle
alignment stage, (2) image plane selection stage and (3) mounting bracket for hemobot.

The bracket is useful to attach the Hemobot to an external arm or any positioning
stage capable of rotating along x and z axes along with a translation of the imaging
transducer RCM along x, y and z axis. Complete assembly is shown in Figure 35a along
with the actual Hemobot prototype (Figure 35b).
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Figure 35. (a) CAD model of Hemobot full assembly developed using Solidworks. (b)
Completely assembled hemobot prototype.

3.4.7 Passive positioning and Hemobot cart.
The Hemobot assembly is mounted on a temporary mounting arm (VHM series, GCS
mounting solutions, USA) as shown in Figure 36b. The arm is a passive medical monitor
mounting arm capable of mounting loads up to 18 kg. This arm is being used for
temporary mounting of the Hemobot for conducting laboratory experiments. The bracket
shown in Figure 34 can be connected directly to the arm. The arm provides a tilting
motion along Z axis and a yaw about Y axis. It can be raised or lowered and the position
can be locked by tightening a screw provided on the arm. This arm is further mounted on
a motor operated hydraulic stage.
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Figure 36. (a) Image shows the Hemobot cart and its parts. (b) Hemobot mounted on a
passive arm and hydraulic stage.

A mobile cart shown in Figure 36a developed by BioBot surgical private limited,
Singapore is used for housing all the equipment along with the hydraulic stage on which
the hemobot is mounted. The cart contains an on-board computer (OBC), a touch enabled
LCD monitor and an electronics panel and power supply unit for the motors. The
electronics panel has 4 micro stepping drives with a 24 V power supply that drive the 4
stepper motors on the hemobot and a motion controller bus interface box for connecting
the micro stepping drives to the motion controller inside the OBC.

3.4.8 Sensors and Position feedback
Safety is the highest priority for any medical device. Not only the patient but also the
surgeons or physicians who are operating the equipment should be safe. To ensure safe
operation Hemobot must have automatic safety monitoring system built into it. This
should track the movements of the Hemobot in real time and take adequate actions. The
only active elements in the Hemobot are the motors. Since stepper motors are operated in
steps the motion controller keeps count of the number of steps, step speed and final
destination of the motor. But sometimes if the motor experiences heavy load due to an
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unforeseen circumstance though the steps are counting the motor may not be moving.
This cannot be communicated back to the motion controller and the controller assumes
that the motor has moved to its final position. Another common problem encountered in
robotic systems is that sometimes the control system may lose control and have no idea
of the position limits and may continue running beyond the physically permissible limits.
This is very dangerous to the operator or the patient and the robot may sometimes destroy
itself.
The above discussed safety concerns are very common in any robotic system and they
can be easily remedied by using position feedback systems and sensors. Hemobot is
equipped with real time position feedback and limit sensors to overcome the above
problems. The sensors and the feedback methods are discussed as follows.
POSITION FEEDBACK
For real-time position feedback we are using optical encoders with the stepper motors. A
simple incremental type optical encoder has an encoded lightweight aluminum/plastic
disk that is inserted over the motor shaft like a sleeve. This disk rotates when the motor
rotates. A light source usually a low cost LED laser is positioned on one side of the disk
facing the disk. A pair of photo detectors one shifted by a small distance from the other
are placed on the other side/same side of the disk depending on the type of the disk
(transmissive or reflective). The encoder being used is a reflecting disk type. The disk
has a pattern of alternating reflective and non-reflective coating (Figure 37).

Figure 37. Figure shows the working of an encoder (left) and A channel and B channel
codes (right). (http://www.electronics-tutorials.ws/io/io_2.html)
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Every time there is a pulse of light on a photo diode it is read as 1 and no light is read
as 0. The encoder sends a series of 1s and 0s from each of the photo diodes when in
motion through two channels. One channel is a little delayed version of the other. This
creates an incremental binary code from 0 through 3. When the motor turns in the reverse
direction the code is read from 3 to 0. The increment and decrement of the code tells if
the motor is rotating in clockwise or anti-clockwise direction.
The encoders used for the Hemobot are 2 channel quadrature incremental optical
encoders (E4P, US Digital, USA) (Figure 38a). The encoders are mounted to the extra
shaft on the back of the stepper motors (Figure 38b).

Figure 38. (a) Parts of the optical encoder (US Digital, USA), (b) Encoder and stepper
motor assembly.

The encoders have 6 wires; two for the voltage to power up the LED laser; 2 wires
each for both the channels. The motion controller being used in the project can read the
quadrature encoder input and update the memory with the real-time motor information.
LIMIT SENSORS.
A typical limit sensor is a small sensitive switch which has a button and a hinge liver.
When the hinge liver gets pressed by contact with some object the button snaps and
connects the circuit. Hemobot has two limit switches (D2F, OMRON Corporation) for
each actuator. One is to define the reverse limit and the other for the forward limit. The
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assembly of the limit switch on the linear actuators and C arms is shown in the Figure
39b.

Figure 39. (a) Shows Limit switch and its parts. (b) Limit switch on a linear stage. (c)
Limit switch with a C arm

We can see in that the carriage nut on the linear stage will press the button on the
limit switch when it reaches the end. Similarly in the designed C-arm the spacer attached
to the circular track segment has two projections at the ends. When a projection touches
the limit switch hinge the limit switch closes the circuit. The limit switch signals are read
by the motion controller. It automatically monitors for signals from these switches and
stops the motion of the axis when any of its limit switches is closed.

3.4.9 Motion-control hardware and connections
All the stepper motors of the robot are controlled by a PCI motion controller card by
Galil (DMC 18x4 PCI motion controller card, Galil Motion Control Inc., USA). It has a
100 pin high density connecter connected to an interconnector board using a 100 wire
cable with male connectors. The interconnector board (ICM-2900 interconnect board,
Galil Motion Control Inc., USA) optically isolates the motion controller and the stepper
driver connections and also provides an easy interface to make connections (Figure 40).
The stepper driver (DMC432C, Leadshine Technology Co., Ltd., China) is a
programmable micro-stepping drive powered by a (24 V, 4 A) power supply to power the
motors. This accepts the stepping pulses and direction signals from the motion controller
and drives the stepper motors accordingly through a 4 wire cable. The encoder feedback
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signals are directly connected to the opto-isolator board using a 4 wire cable as they do
not require high voltage to function.

Figure 40. Shows connection from the motion controller to a stepper motor.

3.5 Hardware design and Fabrication
3.5.1 Computer Aided Design
All the parts have been designed individually and assembled in Solidworks (Dassault
systems, MA, USA). The parts have been accurately designed up to the functional details
as much as possible. The functionality has been tested in Solidworks before they are sent
for manufacturing. No stress/strain analysis has been performed on any of the parts. All
the 3d printed parts have been given a tolerance of 0.15mm for a snug fit. The parts that
hold the gears or play a key role in aligning the motion parts have been revised and tested
until they are found to be acceptably working.
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3.5.2 Rapid prototyping
All the plastic parts have been produced by 3d printing using Dimension 1200es 3D
printer (Stratsys, USA). This printer uses Fused Deposition Modelling technology and
prints ABS plastic parts. It can print in resolutions of 0.010 inch and 0.013 inch. All the
Hemobot parts have been printed with the 0.010 inch resolution. This printer is capable of
producing functional parts that can be directly used for assembly. We are very thankful to
the RIT’s mechanical department for letting us use their 3D printing facilities in the
MMET/PS lab.

3.5 3 Waterjet cutting
The metal plate used in the needle angle alignment stage in section 3.4.4 is cut from a 1.2
mm thick steel plate purchased from McMaster-Carr (OH, USA) and cut with a water-jet
cutting machine from the Brinkman Laboratory at RIT.

3.6 Implementation
3.6.1 Overview
The Hemobot is controlled by an on board computer (OBC) which is mounted on the
robot cart. The OBC runs on Windows XP operating system powered by a 32bit dual core
Intel Pentium processor with 512 MB of physical memory and a 120 Gb hard disk space
for storage. It is installed with a 4 axes peripheral component interface (PCI) motion
controller card to control the 4 Hemobot axes. A touch enabled LCD panel is used as the
monitor. The physician can visualize the US image and also control the robot using the
robot manipulation tools provided in the graphical user interface (GUI). Two USB ports
allow us to connect the US USB probe and a joystick for better and interactive control of
the Hemobot. All the individual components have been tested individually with the
factory supplied application software on the OBC. After they are found to be compatible
with the OBC and working properly software development kits (SDK) for the individual
components have been obtained from the respective manufacturers.
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SDK is a tool kit for interfacing a custom application with the component and create a
single application where other components can also be interfaced. We chose C++ as the
ideal programming language to develop the application for Hemobot. All the
components’ SDKs are available in C++ language. This made it much easier to choose
C++ for the implementation of the Hemobot. More over C++ is very efficient when it
comes to applications that are real-time or have time sensitive tasks because of its low
overhead and easy multithreading.
The application involves controlling more than one component along with a GUI to
interact and communicate with the operator efficiently. Hence it needs a robust
framework and a good programming standard. Qt version 4.8.4 (Digia, Finland) is a GUI
development framework for C++. In addition it has other useful features like signals and
slots, QT designer for designing GUIs, multi-threading for real-time applications etc.
Signals and slots in Qt are used for communication between objects. For example a
robot controller object is a software module that controls the robot. There may be another
module to control the US Transducer. For both the modules to communicate Signals and
slots are used. A signal is emitted to notify the occurrence of an event in an object. These
signals may or may not be heard by any other object. A slot in any object is a function
that is called in response to a signal. Signals and slots can be connected so that a
particular slot is called whenever the connected signal is emitted. An object can
communicate with different/same object by connecting their signals and slots
dynamically using this feature. This is a very powerful concept and makes the application
more dynamic especially when the application has a GUI.
Two major software modules for the US Imaging Transducer and the Hemobot have
been developed separately and then integrated into one application. Flow diagram of each
module will be discussed followed by the description and working of GUI and its
features.

3.6.2 Image Acquisition
For the Hemobot to be guided by US Imagery, it should have access to the real-time
image data produced by the imaging transducer. Also it is much convenient if the
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application has everything in one place. This helps the physician to simultaneously
monitor the surgery and control the robot using only one user-friendly application.
Having access to the US video stream provides additional features to expand the
capabilities of the Hemobot like automatic tracking of the body movements, automatic
liver boundary detection and needle path error correction etc.
IMAGE ACQUISITION ARCHITECTURE
The Image Acquisition System (Figure 41) can be divided into 5 components: GUI,
system manager, US probe object, frame processor, US probe. GUI is the front end of the
acquisition system and it takes in user inputs and displays probe status information for the
user. The manager runs in the back ends and connects the other three software
components. It accepts the user input from the GUI and takes required actions like setting
the probe parameters, frame processing options and also runs the probe. The US probe
object is a software layer that has direct access to the dynamic link libraries (DLLS)
supplied by the probe manufacturer. To achieve real-time functionality of the image
processing and display, the frame processor runs in a separate thread. This is very helpful
because the main thread is busy managing the user inputs and various background
functions.
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Figure 41. An overview of the Image Acquisition system architecture

When the user runs the probe by pressing the play button on the GUI the manager
sends a run command to the probe and also starts the frame processing thread. The frame
processing thread runs a continuous loop to check for the image-acquired signal from the
US probe object. When the image is available it receives the back scatter image pointer;
processes the image and displays it on the GUI.
GUI
Image Acquisition user interface shown in Figure 42 features a large display field for the
real-time US video stream and an US probe control panel to control the probe and the
display. The control panel has 4 different panels: probe control panel, image control
panel, image display panel and video control panel.
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Figure 42. Image Acquisition GUI panel

The probe control panel (Figure 43) has three drop down menus for probe selection,
pulse carrier frequency and the scanning depth. When a probe is selected the manager
automatically looks for available operating pulse frequencies and scan-depths and
updates the selection options on the panel. A dial and a text box are provided to select the
pulse power of the probe. It scales down the range of 30V to 100V pulse power to 1-100
steps.
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Figure 43. Probe control canel GUI shows the selection of probe, frequency and scan
depth.

Image control panel shown in Figure 44a provides sliders to control the time gain
compensation for the near, mid and far regions in the scan. The time gain compensation
is an internal feature provided by the Interson US probe. Changing the values directly call
the respective gain functions provided by the manufacturer and change the device values.
Brightness and Contrast selection sliders are also provided for future enhancements to
change the image properties.

Figure 44. (a) Image Control panel (b) Image display panel (c) Video control panel

The Image Display panel (Figure 44b) provides options for future enhancements to
provide further processing options like averaging and interpolating. In addition it also
provides options for Biopsy overlay which helps in visualizing the robot movements like
needle angle, trajectory and depth of the target. Grid option lets us choose the scale of the
grid to be displayed for better understanding of the US image.
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Video control panel has a play button, probe online indicator and a play back control
as shown in Figure 44c. Probe online indicator lights up if an US probe is available and
also enables the play button for user interaction. The play button runs or stops the US
probe. The playback control is a future enhancement that allows for recording and
playing the US video stream.
FRAME PROCESSING
Back scatter image frame processing is a time sensitive step in the image acquisition
software module. The transducer creates 15 back scatter images every second. Hence it is
necessary that the frame processing should take less than 66 milliseconds to process and
display the frames. The design of the image processing algorithm must be free of iterative
tasks, fast and efficient for the real-time display.
As discussed earlier the Interson US transducer produces a back scatter image of size
256x2048 pixels. Each scan line is sampled at a rate of 30 MHz capturing the carrier
frequency along with noise. The higher frequency components must be filtered using a
digital filter to extract the signal, which gives information about tissue boundaries. Each
of the 256 lines is associated to a particular angle of scan. The 2048 pixels in each scan
line are the sampled back-scattered signal values and every pixel corresponds to a radial
depth from the transducer in the scan direction. That means the back scatter image is in
the radial coordinates with 256 lines along

and the 2048 pixels along the

axis. The

image must be scan converted to display it on a Cartesian plane.
The Figure 45 shows the flow diagram of the frame processing thread. The manager
starts the frame processing thread along with the run command issued to the US probe. A
thread is a piece of program that runs in parallel (parallel processing) with other
processes in a computer. The frame processor waits for the back scatter image from the
probe. As soon as it acquires the image it applies a simple Butterworth low pass filter
(with a cutoff frequency of 0.1 times the sample frequency) on each scan line to filter the
carrier frequency and high frequency noise. This process also smoothens the speckles in
the image. Then the image undergoes a scan conversion to Cartesian coordinates. The
corresponding pixel values in the Cartesian coordinates are calculated using linear
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interpolation and a Cartesian image of required size is obtained. The image is now ready
for further image processing if required. This image is displayed on the image display
area of the GUI for viewing. The thread iteratively checks if the probe is running and if
the user stops the probe the frame processor ends stopping thread to release the processor
time for other processes.

Figure 45. Frame Processing flow diagram. The images are outputs after every processing
step.

3.6.4 Robot Controller
Robot controller software module controls the Hemobot axes. It serves three main
functions; receives the instructions from the user interfaces and other software modules
that can control the robot, constantly monitors the robot status, provides easy interface
library to connect with other software modules and future enhancements.
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ROBOT CONTROLLER ARCHITECTURE
The Hemobot robot controller Architecture as shown in Figure 46 is a modular
architecture [39]. All the modules are managed by a manager. The manager creates,
initializes and runs the modules as per the requirement. The modules are of three
categories; user interfaces, tools and controllers. User interfaces consist of the GUI and
the Joystick modules. Tools consist of the calibrator module. Controllers comprise of the
robot controller module. The manager manages the interconnections between the
modules by connecting respective signals and slots (discussed in section 3.6.1) and also
directs of the motion commands sent by the user interfaces and tools to the robot
controller object. The GUI and the robot controller are the main elements and the
program runs only if they are available and running. The tools are additional features and
are not necessary for the program to run. User can use or close the tools at any time in the
program.

Figure 46. Overview of Robot Controller architecture.

When the parent program starts the manager it creates, initializes and runs the GUI,
Joystick and robot controller objects. The joystick and robot controller objects control the
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hardware and hence they check for the availability and run the respective hardware.
Manager then checks if the modules are running and stops the program if the necessary
modules are found as not running. User can control the robot using the GUI or the
joystick. The user inputs are received by the manager and respective function calls
provided by the robot controller are executed. These function calls send the commands to
the motion controller hardware to execute the motion. The tools can be selected from the
GUI using tool buttons. When a tool button is pressed the manager creates the tool object
and makes necessary connections with other modules as required. A tool can have its
own GUI or it may just run on the background. The tool GUI is displayed when the tool
is running and disappears when the tool is stopped or closed.
The robot controller consists of a library of function calls to control the robot.
Important function calls are moveAxis(), jogAxis(), stopAxis(), homeAxis(). The
moveAxis() method takes in the specific position and the axis as arguments and moves
the respective robot axis to that position. The jogAxis() method provides jogging motion
with a specified speed so that the user doesn’t have to enter the position using a keyboard
every time he wants to move the axis. The stopAxis() method is used to stop the
respective axis. The homeAxis() method is used to bring back the axis to its home
position. Robot controller also maintains a data structure for the status of the robot. It
updates the status iteratively (for every 50 ms) by poling the motion controller for motor
information and emits the status-read signal. The modules which have slots connected to
the status-read signal are then executed every time the signal is emitted. This way the
robotic system monitors the robot status and takes required actions automatically.
GUI
The Figure 47 shows a snapshot of the robot control panel GUI. It has 4 individual motor
control panels, a calibration tool button and message display box. Each motor control
panel, as zoomed in the figure, has a motor-on check box, status check box, homing
button, speed selection text box, position selection text box and two buttons for jogging
the motor in both the directions.
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Figure 47. Robot control panel showing motor control panel (zoomed in).

The motor-on check box lets the user to turn-off or turn-on the motor. The status
check box opens a separate window for motor status display. It displays un-calibrated raw
data of the motor which is directly obtained from the motion controller. Some of the
display values are motor position, current motor velocity, status of the motor, limit switch
status etc. The units of the values displayed are in counts/ticks. These counts correspond
to the steps of the stepper motor. The speed and position text boxes are used to select the
speed and absolute position of the motor respectively. Their units can be changed by
calibrating the motor using the calibration tool. The jog buttons advance or retract the
axis that the motor controls. The jogging speed is the same as the speed in the speed text
box. Calibration button opens up the calibration tool window that lets the user to calibrate
the axis and set units. Calibration will be discussed in detailed in further sections. The
status display box is common for both the probe and the robot controller GUI panels. It
displays messages, warnings, errors and recent motion commands from all software
modules in the application.
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JOYSTICK
The joystick used in this prototype is a wired Xbox360 joystick controller (Microsoft,
USA) connected to a USB port of the OBC through an Xbox-to-USB adapter. This can be
replaced with a custom designed joystick as per the ergonomic preference of the
physician after a thorough testing. Microsoft Windows provides XInput game controller
application programming interface API to receive input from the joystick. A C++ class
(QCJoystick.h) using Qt frame work has been developed to connect to the manager using
signals and slots. The button map for the axes is as shown in Figure 48.

Figure 48. Joystick button map

When the manager creates the object and starts the joystick object it checks for the
availability of the joystick and returns the status to the manager. Then upon a run
command from the manager module the object starts a 20 ms timer. The program queries
the values of the buttons and the analog sticks in the controller every time the timer
resets. It sends a signal to the manager if the user presses any button on the joystick. The
manager then receives the user input and directs it to the robot-controller to control the
appropriate axis.
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CALIBRATION
The calibration tool calibrates the axes of the hemobot. The tool is launched by pressing
the “calibrate” button on the GUI. It opens the calibration GUI in a separate window as
shown in Figure 49a. The calibration GUI has an axis selection combo box, search limits
button, calibration point selection text boxes and buttons, home selection text box and
button, units combo box and a configure button. Different stages of the GUI during the
calibration process are also shown below.

Figure 49. Calibration GUI during different steps of calibration.

To start calibration user must select the axis to calibrate. When the axis selection is
made the calibrator looks if the axis limits are defined. If the axis has no defined limits it
blocks all the other calibration options except the “search-limits” option. For the
calibration to continue user must select search limits button. The calibrator automatically
moves the motor to the reverse limit and looks for the exact point where the reverse limit
goes off and saves the location in the memory as the reverse limit point. Similarly it
automatically looks for the forward limit. Now the reverse and forward limits are
available and the calibrator makes the other calibration options available. To calibrate the
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user must select any point using the joystick or GUI buttons and enter the corresponding
value, in the new scale, in the text box and press the select button. The calibrator needs
two such points for calibration. Then the user may select the home position by
unselecting the default value (step-position value = 0); move the axis to the point which
is to be the home position and press the home-select button. User can change the units to
the units of the new scale. In the above example step-position value of 17500 is given a
scale value of 5 cm and similarly 70000 step-position value is given a scale value of 10
cm as shown in Figure 49c. These values can be measured by a ruler or a caliper for the
linear stages. For the rotary stages a scale is provided over the curved tracks for easy
calibration. The home position is set at 20000 step-position and the units are changed to
‘cm’. The calibrate button is pressed to save the configuration by re-writing the motor
status data structure. The new home position is made zero and the reverse and forward
limits are appropriately scaled to centimeter values by calculating the number of step
counts per unit centimeter as shown in Figure 49d.

3.6.5 Fully Integrated GUI
Figure 50 shows the integrated GUI with the US image display and control panel on the
left side and the robot controller panel and status display panels with calibration tool
button on the right side.
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Figure 50. Integrated graphical user interface (GUI) showing all the components.
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Chapter 4

Experiments and Results
After the robotic system was assembled and programmed to perform the basic functional
requirements, a series of in vitro experiments have been performed on chicken breast
tissue to quantify its performance and validate the targeted HIFU delivery.
The objective of this research was to develop a liver biopsy robot prototype with the
capability to stop the post-biopsy bleeding by firing HIFU at the puncture site. Two
experiments; one firing the HIFU at the center of the sample volume and other targeting
the surface of samples of chicken breast tissue have been performed to validate the HIFU
energy delivery. Each experiment is performed n = 3 times for statistical strength with
different time of exposure of the HIFU beam set to deliver a constant output power.
Before performing the experiments the robot is calibrated following the procedure
described in section 3.6.4.

4.1 HIFU validation experiment.
This experiment is performed to validate the HIFU delivery along the needle path. The
HIFU has a fixed focal point with focal depth of 7.5 cm from the transducer surface and
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the HIFU is mechanically constrained to focus on the needle path and the focal point can
be positioned at any point on the needle path.

4.1.1 Procedure
The test was performed with the robot immersed in a water bath until the motors are
outside the water and HIFU is advanced so that its piezo-electric surface is completely
immersed in water. The water serves as a medium for the US beam transmission. One
observation that was made was when the HIFU is fired inside the water bath the
cavitation created by HIFU as shown in Figure 51 resulted in the formation of
microbubbles at the focal point, which was visible to the eye. This served as a marker to
align HIFU to focus a certain point and check if the energy is delivered at that point. It
also helped in setting the home position of HIFU to the home position of the needle tip
during calibration.

Figure 51. Picture showing HIFU induced microbubbles with the system in a water bath.
(a) Showing microbubbles without needle. (b) Shows that the microbubbles are created at
3cm point on the needle proving that the focal point is on the needle.

Before immersing the setup in the water the needle is mounted on the needle holder
and lowered to 5 cm and a roughly cut 1inchx1inchx1inch block of chicken breast is
inserted on the needle such that the 3cm mark (from the tip of the needle guide) on the
needle is inside the tissue volume. Then the setup is lowered into the water bath until the
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HIFU is immersed as shown in Figure 52. This is done using the hydraulic lift provided
on the Hemobot cart. With this arrangement we expect to see the coagulation volume
forming across the needle path with the point of intersection of the HIFU focal axis and
the needle path as the focal point. After the needle and HIFU are aligned the axes are
locked so as to use the same setup for all the experiments.

Figure 52. Experimental setup showing the tissue block on the needle inside a water bath.

A constant signal of 0.5V amplitude is fed to the amplifier that drives the HIFU. The
amplifier has a constant gain (53dB) amplifying the input signal to 223 V peak to peak
with a recorded power output of 14W. This power is fed to the HIFU when the amplifier
is switched on for coagulation.
A total of 33 tissue blocks were exposed to HIFU which involves 3 trials and each
trial consists of 11 tissue blocks exposed to HIFU for 2 sec to 13 sec with increments of 1
second. The workflow for each trial is as described below:
1. The tissue is inserted on to the needle and a rubber stopper is inserted at the tip of
the needle so the tissue doesn’t slide down inside the water bath.
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2. The needle is mounted on to the robot and the needle guide is fixed so that the
needle is in place.
3. The tissue is adjusted so that its surface is at the 2 cm mark on the needle as
shown in Figure 52.
4. The robot is lowered into the water bath until the piezo-electric surface of the
HIFU is completely immersed in the water.
5. The HIFU is now fired for a certain time and stopped.
6. Now the setup is raised from the water bath and the needle along with the tissue is
removed from the robot. The rubber stopper is removed and some ink is applied at
the tip of the needle and the tissue is removed from the needle. This ink marks the
needle path inside the tissue.
7. The tissue is carefully cut along the needle path.
8. A picture of the split tissue is taken and it is analyzed in ImageJ for the area of the
coagulation caused by the HIFU exposure. A millimeter ruler is placed beside the
tissue to help in identifying the scale during the image analysis.
9. Steps from 1 to 8 are repeated with a new tissue block each time for different time
of exposure ranging from 2sec to 13sec in steps of 1 sec.

4.1.2 Results
An image processing software, ImageJ (NIH, USA), was used to analyze the pictures
of the cut tissue block. A simple color thresholding has been applied on the images to
identify the coagulated area inside the tissue and the needle path separately. The area of
the coagulated region is calculated and tabulated for each of the samples. The Figure 53
shows the RGB image, threshold mask on the RGB image and merged image of the
needle path and HIFU coagulation masks along three different rows. Pictures for other
data points are provided in the appendix A
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Figure 53. Shows the HIFU coagulation area and needle path for t = 2, 5, 8 and 11
seconds.

A visual observation of the pictures confirms that the HIFU focal axis and the needle
path are crossing in every case. But the error in the position of the focal point from the
needle path was not measured because of the practical reasons listed below:
1. The tissue is not rigid, it deforms while cutting.
2. Cutting the sample exactly along the plane containing the needle path and
HIFU focal axis was nearly impossible because the tissue is opaque. Hence
the coagulation area measured from the pictures was highly erroneous.
3. Even if the cutting was acceptable the tissue deformation curved the needle
path making it very difficult for measurement.
The plot of time vs area of coagulation is shown in Figure 54. The average area of
coagulation ranged from 19.25 mm2 at 2 seconds to 162.94 mm2 at 14 seconds exposure.
Though the area calculated from the images is error prone it still showed an increasing
pattern. A linear curve fitting is performed on each of the data sets. The lines were nearly
parallel to each other with a slope of 9.61±.32 suggesting there is a regular pattern
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associated with the area of coagulation and the time of exposure. Trial 1, 2 and 3 have a
57% 80% and 60% goodness of fit to the data respectively.

Figure 54. Scatter plot shows a 3 linear fits between HIFU induced area of coagulation vs
time of HIFU application in secs for 3 different trials indicated by different colors.

4.2 Surface exposure experiment.
4.2.1 Procedure
This experiment is performed to study the behavior of the tissue to a surface exposure of
the HIFU energy. Our main aim is to cause a stop to the bleeding by firing the HIFU over
the needle puncture on the surface of the liver. This is important because we want less
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cellular death so that the liver can regenerate the dead cells more quickly resulting in a
faster patient recovery.
This experiment is performed in the same way as the previous experiment except the
tissue surface is aligned to the 3 cm mark instead of the 2 cm mark. This configuration
allows the HIFU to target and deliver energy to the surface of the needle (needle puncture
point).

4.2.2 Results
We made an interesting observation by performing this experiment. There was no visual
sign of occurrence of coagulation on the surface even after a continuous HIFU exposure
of 14 seconds (shown in Figure 55).

Figure 55. (a) Shows the HIFU exposure on the surface. (b) Shows the tissue cut along
needle path after 14 second exposure but no coagulation is seen.

Then a second trial is performed but this time the tissue surface is aligned to the 2.5
mm mark so that the HIFU focal point is 5mm inside the tissue from the top surface as
shown in Figure 56a. This time coagulation has occurred and the cut tissue shows in
Figure 56c that the coagulation has occurred just below the surface where we had
expected.
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Figure 56. (a) Shows the alignment of the Tissue surface with the 2.5 mm mark. (b) top
view of the tissue showing a translucent view of the coagulation area. (c) Shows tissue
coagulation and needle path crossing.

This may have been caused because the experimental setup is in a water bath and the
water absorbs all the heat that is generated at the focal point since it is aligned at the
interface of water and tissue. This can be better studied by performing experiments using
two tissues and firing the HIFU at the interface along the biopsy needle path.
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Chapter 5

Summary
5.1 Conclusions
The main objective of this research was to build a robot that can perform liver biopsy and
also target and apply HIFU at the needle entry spot for hemostasis. As per the functional
requirements the robot is able to align the image plane, set the angle of the needle
insertion, move the linear actuators thereby inserting and retracting needle and HIFU.
The results discussed showed that the mechanically constrained construction of HIFU
worked as expected, thereby causing coagulation in the chicken breast tissue crossing the
needle path in all the cases. There may be a small error in the focal point due to two
reasons. One, the velocity of sound in the tissue is different that the water, which causes
the focal point to converge at a different point changing the focal point by a small
distance along the focal axis. Two the alignment of the HIFU is only done by looking at
the micro-bubbles created by the HIFU. Where as in reality we don’t know the exact
position of the focal point unless we characterize the HIFU using a hydrophone to have a
clear beam profile.
All the robot axes performed as expected with a resolution and speed of 1.6 µm
3.175cm/sec for the linear stages and 1.28x10-3 degrees and 25.6 degrees/sec for the
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circular stages. The calibration algorithm was very successful and made the calibration
process very simple. We did not analyze the accuracy and precision of the axes due to
time constraints, but visual observation of the axes showed no signs of error. Usage of
stepper motors made it easy to program motion and calibration algorithms. The only
drawback is that the motors were bulky and heating due to continuous current flow.
The results showed are very promising when it comes to the validation of the robot
for HIFU application along the needle path. The motors exhibited a sufficient torque
capacity and were able to move all the parts without any stalling or errors, up to a
maximum motor speed of 25000 steps/second. The gear-boxes had some back lash
associated with both the NEMA gearboxes and the external pinion assembly. But his
back-lash accounts for a constant error. A solution to this problem would be to use antibacklash gear boxes and also redesigning the chasses holding the C-arms by reducing the
distance between the pinion and the circular rack gears. The Linear stages exhibited no
such issues.
The robot has a contact foot-print of 0.427 cm2 area which includes the contact area
of the US transducer, the needle guide and a very small portion of the imaging head. This
helped in having trouble free positioning of the robot for any orientation. The US
transducer holder was very convenient to hold and change the orientation angles of the
robot in x and z axes manually.
The limit switches are the safety in the robot as they save the robot every time from
going out of the bounds and stalling the motor or cause damage. Having all the controls
in a single GUI was very convenient while doing experiments. The joystick feature made
it easy to raise or lower the axes or rotate the circular stages and also to set the home
position during calibration.

5.2 Limitations
One of the biggest limitations is the robot is not yet mounted on an RCM arm to rotate
image plane along x and z axis. Every time we want to rotate the image plane about x and
z axes the tightening screw, provided on the passive arm must, be loosened and then the
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orientation should be fixed and then the screw is tightened again. This is a very laborious
task for orienting the robot especially in a surgery room.
The HIFU has a large diameter which makes it bulky and since it is angled the lower
rim limits its movement thereby limiting the focal point to a maximum 3.5 cm from the
needle guide tip, considering the patient surface to be flat. Usage of a smaller HIFU will
remedy this. But reduction in HIFU size reduces the power delivery and the focal depth.
There is a scope for research in this area to find a optimal HIFU transducer for the
system.
The robot is not yet programmed to autonomously monitor the movement of HIFU
along with the needle. This always caused a problem when calibrating the system. The
HIFU frame is coming in contact with the needle holder after advancing a certain
distance because of its large size especially when the HIFU is in home position. While
calibrating if we forget to move the HIFU to provide full movement of the needle, the
motors are stalling due to contact. But this is not a big problem when the biopsy is going
on as the HIFU is brought to focus the end of the needle guide and that position was
sufficient to give a full motion for the needle. The HIFU delivery is manually controlled
for the current prototype which made it very difficult to time the HIFU exposure.
The software is not written to automatically monitor the optical encoder feedback.
Though the motors are working fine there could be a situation where the motor is not
running but the motor controller is signaling them continuously thinking they are working
fine. In such case monitoring the encoder feedback is important to let the motion
controller know of such critical errors that may occur.

5.3 Recommended Future Work
This project is a multi-disciplinary work involving physicians, imaging scientists,
computer, mechanical and electrical engineer. There is a wide scope of research in every
domain.
The usability of the robot must be tested by performing a series of animal
experiments. Mechanical engineers must work with the physicians seeking their inputs on
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the level of dexterity they would require for a clinical prototype. The size of the device
can be reduced considerably by replacing the motors with the miniaturized motors that
can deliver sufficient torque. The gear systems must be replaced with anti-backlash gear
boxes for more precision. A better solution would be to develop a handheld Hemobot
which eliminates the use of external RCM and translatory stages miniaturizing the robot.
The GUI can be developed to provide additional controls for Image processing
including image overlay. This provides the physician additional tools for better
visualization and help him identify the physical parameters required for the biopsy. The
overlay provides the grid lines and the biopsy needle trajectory in real-time. This helps in
visual confirmation and approval of the planned biopsy procedure by the physician.
Control panels for biopsy and HIFU deliver must be developed and integrated to the main
GUI. The important feature that the control panel is expected to have is the ability to set
the exposure time and trigger the HIFU. Once the trigger is pressed it will apply HIFU
energy for the set time and stop automatically.
Computer vision algorithms for automatic liver boundary detection using the captured
US images can be developed. This helps in further automation of the robot by providing
the physical parameters for the biopsy like distance from skin to liver and the target.
These parameters are useful for automatic positioning of the HIFU transducer.
Experiments can be performed to characterize HIFU transducers to study the beam
pattern and focal point change in different media e.g., skin and liver tissues. A better
HIFU transducer must be selected, that has a smaller physical size and capable of
delivering enough power required for coagulative-necrosis. This is lets us to overcome
the limitations of having a large HIFU transducer.
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Appendix A

Experimental Data
The collected and processed images from the experiments are tabulated below.

Trial 1
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Trial 2
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Trial 3
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